Abstract Mitochondrial dysfunction is an underlying cause of ischemia-reperfusion injury. In particular, ischemic injury induces dramatic increases in mitochondrial permeability, thereby instigating a chain of events that leads to both apoptotic and necrotic cardiomyocyte death. The mitochondrial permeability transition (MPT) pore, a large, non-specific channel that spans the inner mitochondrial membrane, is known to mediate the lethal permeability changes that initiate mitochondrial-driven cardiomyocyte death. The purpose of this review is to focus on the role of the MPT pore in ischemia-reperfusion injury, the mechanisms involved, and, in particular, what we do and do not know regarding the pore's molecular composition.
Introduction
It would be a gross understatement to say that mitochondrial research has undergone a considerable renaissance over the past decade or so. The discovery that mitochondria are not only the major suppliers of energy to a cell, but are also pivotal in the cell's decision to live or die has revolutionized many fields, especially that of cardiac biology. Indeed, it is now well recognized that mitochondrial dysfunction plays a crucial role in the pathogenesis of several cardiac diseases including ischemia-reperfusion injury. Moreover, the mitochondrial permeability transition (MPT) pore, a large, non-specific channel, is now known to mediate the lethal permeability changes that initiate mitochondrial-driven death in these diseases. In this review we will focus on the role of the MPT pore in ischemia-reperfusion injury, the mechanisms involved, and what we do and do not know regarding its molecular composition.
Mitochondrial death pathways
There are many components to the molecular machinery that mediates mitochondrial-dependent cell death, which due to space limitations we will only briefly summarize here. However, I would draw the reader's attention to a recent excellent review that comprehensively covers this subject [42] . The canonical mitochondrial death mechanism is the so-called ''intrinsic'' pathway that mediates apoptosis. Toxic stimuli such as oxidative stress induce translocation and integration of the pro-death members of the Bcl-2 family (e.g., Bax, Bak, Bid) into the outer mitochondrial membrane [17, 26, 42, 61, 64] . These proteins, by a mechanism that remains both elusive and controversial, permeabilize the outer membrane to an extent that allows the release of pro-apoptotic proteins from the inter-membrane space, most notably cytochrome c, Smac/DIABLO, htrA2/Omi protease, and endonuclease-G (endoG). Cytochrome c binds to the cytosolic protein apaf1 and the resultant ''apoptosome'' activates the caspase-9 and -3 protease system [17, 26, 42, 61, 64] . Smac/ DIABLO and htrA2/Omi activate caspases by either sequestering or degrading caspase-inhibitory proteins, respectively. EndoG translocates to the nucleus and mediates DNA fragmentation. The coordinated action of these proteins subsequently results in the death of the cardiomyocyte by apoptosis.
Whereas the Bcl-2 proteins primarily induce cell death through permeabilization of the outer mitochondrial membrane, there is also a second mechanism that initiates cell death via permeabilization of the inner mitochondrial membrane. Noxious stimuli often lead to excessive production of reactive oxygen species (ROS), and Ca 2? overload of the mitochondrial matrix [20, 28, 41, 42, 45, 73] . These in turn cause the opening of a large, non-specific channel in the inner mitochondrial membrane. This phenomenon, termed the MPT, dissipates the proton electrochemical gradient (DW m ) that drives many mitochondrial functions, leading to ATP depletion, further ROS production, and ultimately swelling and rupture of the organelle [20, 28, 41, 45, 73] . Mitochondrial rupture can lead to the release of pro-apoptotic inter-membrane proteins described above, which would conceivably initiate the apoptotic program. However, if the stress is severe and/or prolonged, ATP (which is required for apoptosis to occur) will be depleted and the cell will instead die by necrosis. Indeed, the relative contribution of MPT to apoptosis versus necrosis is still the subject of debate.
Mitochondria in ischemia-reperfusion injury
In order to understand the regulation of the MPT during ischemia-reperfusion injury, it is perhaps best to begin with the ionic and metabolic alterations the mitochondria are subjected to during this stress. This is not intended to be an exhaustive list, but rather is focused on the main factors that ultimately contribute to the induction of MPT and cardiomyocyte death.
Adenine nucleotides
The basic definition of ischemia is the lack of oxygen supply to the affected area of the myocardium. As the electrons generated by the electron transfer chain in the mitochondria can no longer be transferred to molecular oxygen, the net result is a cessation of oxidative phosphorylation and inhibition of mitochondrial ATP synthesis [20, 28, 51, 73] . In addition, the inhibition of electron transfer prevents the pumping of H ? across the inner membrane, which is required to generate the DW m . In an effort to maintain the DW m the mitochondrion runs the F 1 F 0 ATP synthase in reverse thereby hydrolyzing the remaining ATP [20, 51] . Thus adenine nucleotides are rapidly depleted after the onset of ischemia, with a concomitant rise in inorganic phosphate (P i ), both of which facilitate opening of the MPT pore (see below).
Mitochondrial Ca 2?
As oxidative phosphorylation is inhibited, the ischemic cardiomyocyte must rely on anaerobic glycolysis for its ATP supply. This leads to a build up of lactate and therefore acidification of the cytosol. In an attempt to reestablish normal pH, the cell extrudes the H ? ions in exchange for Na ? via the sarcolemmal Na ? /H ? exchanger (NHE) [20, 28, 51, 73] . In addition, Na ? ions also enter the cell through non-inactivating Na ? channels during ischemia [51] [51, 73] . If the elevations in mitochondrial Ca 2? become excessive they can trigger the MPT response [5, 7, 15, 19, 41, 42] .
Mitochondrial ROS
It is paradoxical that the restoration of the oxygen supply to the ischemic region by reperfusion is most likely the biggest cause of myocyte death. The mitochondria damaged during ischemia are no longer able to efficiently transfer electrons thereby greatly increasing ROS generation from complexes-I and -III [20, 28, 51, 73] . Thus reperfusion is associated with a massive burst of mitochondrial-derived ROS. These ROS can interact with and damage a variety of mitochondrial proteins, including the components of the electron transfer chain, as well cause lipid peroxidation. In addition, like Ca 2? , ROS are excellent inducers of the MPT response [2, 5, 41, 42, 52, 63] .
Apoptotic Bcl-2 proteins
Ischemia-reperfusion also induces apoptotic cardiomyocyte death, although the incidence of this form of death is significantly lower than necrosis. In particular, activation of pro-death Bcl-2 proteins such as Bax, Bid, Puma, and BNIP3, and their translocation and integration into mitochondrial membranes has been reported in ischemically damaged myocytes and hearts [27, 29, 61, 67] , and genetic deletion of Puma, Bax, or BNIP3 reduces infarct size [22, 32, 67] . Again, it appears that ischemia alone is not sufficient for Bcl-2 protein activation and that reperfusion is required, consistent with the fact that many of these proteins are redox-sensitive [55] . In addition to upregulating/ activating the pro-death contingent of this protein family, there is a concomitant decrease in the anti-apoptotic family members such as Bcl-2 and Bcl-X L during ischemiareperfusion injury [43, 48, 76] . In contrast, cardiac-specific transgenic overexpression of Bcl-2 is cardioprotective [14, 33] . The ability of the pro-death Bcl-2 proteins to induce MPT is a very controversial one, and we will come back to this issue later on in the review.
The MPT pore
The MPT phenomenon is mediated by the MPT pore, a non-specific channel thought to span the inner mitochondrial membrane. The pore itself is permeable to solutes up to 1.5 kDa [20, 27, 28, 41, 42, 73 ]. This causes equilibration of H ? across the inner membrane, which dissipates DW m and inhibits ATP production. A concomitant influx of water causes swelling of the mitochondria, which stretches the membranes to the point where the outer membrane fails. The mitochondrial pore is redox, Ca 2? , voltage, adenine nucleotide, P i , and pH sensitive [20, 27, 28, 41, 42, 73] . Most importantly, increases in matrix Ca 2? and ROS induce pore opening, whereas adenine nucleotides inhibit the pore; indeed, as we have already discussed in the previous section, ischemia-reperfusion injury is associated with increases in MPT pore activators (Ca 2? , ROS, P i ) and reductions in MPT pore inhibitors (ATP/ADP). The MPT pore is inhibited by low pH and is therefore believed to be quiescent during ischemia [21, 25, 28, 35] . However, the restoration of pH coupled with the rapid elevation in mitochondrial Ca 2? and ROS would lead to rapid opening of the pore upon reperfusion; a scenario that has been confirmed in isolated cardiomyocytes and whole heart preparations by a variety of techniques [21, 25, 35] .
There is considerable evidence that inhibition of the MPT pore represents a powerful mechanism by which the heart can be protected against ischemia-reperfusion injury. Many studies have shown that direct pharmacological inhibition of the MPT pore with compounds such as cyclosporine-A blunts the loss of cardiac myocytes that underlies myocardial ischemia-reperfusion injury [5, 15, 21, 30, 52] , as well as other cardiac pathologies [37, 50, 53, 54] . Moreover, the protective signaling cascades initiated by both pre-or post-conditioning appear to terminate, at least in part, in the inhibition of the MPT pore [4, 34, 46] . Needless to say, the MPT pore represents an obvious therapeutic target for inhibition of cardiomyocyte mortality and treatment of myocardial ischemia-reperfusion. Unfortunately, antagonizing the MPT pore in a clinical setting is currently hampered by the fact that the precise molecular architecture of the pore remains unknown; a problem we will address in the next section.
Molecular composition of the MPT pore
Based upon biochemical and pharmacological studies, the pore was proposed to consist of following [20, 28, 41, 42, 45, 73] : the voltage-dependent anion channel (VDAC) in the outer membrane, the adenine nucleotide translocase (ANT) in the inner membrane, plus cyclophilin-D (CypD) in the matrix (Fig. 1) . VDAC, ANT, and CypD interact at membrane contact sites and reconstitution of this complex in vesicles yields a Ca 2? -sensitive channel reminiscent of the MPT pore [16] . Moreover, pharmacological inhibitors of ANT and CypD, e.g., bongkrekic acid and cyclosporine-A, respectively, inhibit MPT and protect cardiac cells against oxidative stress, hypoxia, and ischemia-reperfusion [2, 5, 15, 21, 30, 35, 52] . However, recent genetic studies have seriously questioned the validity of this paradigm.
Voltage-dependent anion channel
The most abundant protein in the outer mitochondrial membrane, VDAC facilitates the efficient transport of ATP/ADP across the outer leaflet [11, 62] . The VDAC family consists of three gene products (VDAC1, 2, and 3) that exhibit a fairly high degree of structural and functional homology [11, 62] . Although VDAC has long been considered a key component of the MPT pore, almost to the point of dogma, the evidence supporting this paradigm has always been far from compelling. While putative VDAC inhibitors and VDAC ''blocking'' antibodies have been reported to prevent MPT in vitro [13, 77] , the specificity of these agents is uncertain [40, 62] . Moreover, a mitochondrial pore-like channel has been reconstituted in proteoliposomes in the absence of VDAC [74] . From a genetic standpoint, Bernardi's group showed that mitochondria lacking VDAC1 still exhibited a normal cyclosporine-sensitive MPT response [40] . We have recently built upon this and shown that mitochondria and cells lacking all three VDAC isoforms still undergo MPT [6] and are still sensitive to ischemia-reperfusion injury, further demonstrating that VDAC is dispensable for MPT, and is not an essential component of the MPT pore.
Adenine nucleotide translocase
The ANT family mediates the exchange of ATP and ADP across the inner mitochondrial membrane. Two homologous isoforms, ANT1 and ANT2 are present in the mouse, with a third isoform, ANT3, found in humans [24] . The ANT1 isoform is found primarily in striated muscle, with ANT2 being more ubiquitously expressed. A third mouse isoform (ANT4) has been recently reported but appears to be restricted to testicular germ cells [12] . Unlike VDAC, the evidence supporting a role for ANT in MPT has, until recently, been far more convincing. For example, pharmacological manipulation of ANT with atractyloside or bongkrekic acid influences MPT [2, 9, 18, 31]. ANT1, but not ANT2, interacts with CypD at contact sites between the inner and outer mitochondrial membranes, where the pore is believed to localize [69] , and reconstitution of ANT plus CypD can yield an MPT-like pore in proteoliposomes [74] . Furthermore, expression of ANT1 can elicit mitochondrialdependent death in non-cardiac cells [8, 75] . However, although ANT1 is primarily restricted to cardiac and skeletal muscle, MPT occurs in all major organs suggesting that ANT1 may not in fact be a bona fide component of the MPT pore. Indeed, as with VDAC, the genetic data has not corroborated the biochemical findings. We have found that overexpression of ANT1 in myocytes, although cytotoxic, appears to act through mechanisms independent of MPT (unpublished data) whereas specific expression of ANT1 in the rat heart was actually cardioprotective in a model of cardiomyopathy [70] . Genetic deletion of both ANT isoforms in mice does not appreciably alter MPT thus raising doubts as to ANT's identity as a necessary component of the MPT pore [38] . Instead, this study indicated that ANT may act more as a peripheral regulatory protein that confers sensitivity of the MPT pore to adenine nucleotides and ANT ligands. One major caveat with this study is that these are not healthy mice and there appear to be wholesale changes in the mitochondrial protein profile that could of compensated for the lack of ANT at some level, or sensitized the cells to death through another mechanism.
Cyclophilin-D
The last piece of the original MPT paradigm is CypD. This mitochondrial matrix protein is a member of the large family of peptidylprolyl isomerases, which catalyze the rotation of proline peptide bonds, thereby inducing a conformational change in the target protein [71] . Although the physiological role of CypD remains unknown, its pathological role as a component of the MPT pore has been widely accepted. Inhibition of CypD's isomerase activity by cyclosporine-A or its non-immunosuppressive analogues inhibits MPT and cell death in numerous cell culture systems. Moreover, such CypD-targeting pharmacological agents protect the heart against the noxious effects of ischemia-reperfusion injury [5, 15, 21, 30, 52] . Unlike VDAC and ANT, there is only one known gene for CypD (the Ppif gene), and, several groups, including our own, have independently generated Ppif-null mice [5, 7, 52, 63] . All four studies demonstrated that CypD-deficient mitochondria and cells were resistant to Ca 2? and oxidative stress-induced MPT and cell death. Furthermore, we, and others, have shown that CypD-null mice are significantly more resistant to myocardial ischemia-reperfusion injury than their wild type counterparts [5, 46, 52] , thereby confirming the previous pharmacological studies. Perhaps most excitingly, recent data in humans undergoing angioplasty has suggested that inhibition of CypD, and therefore the MPT pore, could be of benefit in the clinical setting of ischemia-reperfusion [58] . Thus, of the three components of the original model for the MPT pore, only CypD has survived the genetic testing somewhat intact (Fig. 1) .
Mitochondrial phosphate carrier
Given that ANT and VDAC do not appear to be the critical channel-forming units of the mitochondrial pore, we must look elsewhere for alternatives. The most likely candidates are inner membrane exchangers/ion channels that have the capacity to form a pore-like structure (as was originally thought with ANT). Using a proteomic approach, Halestrap's group has recently identified the mitochondrial phosphate carrier (PiC) as a CypD-interacting protein [44, 45] . They then went on to demonstrate that MPT-inducing agents enhanced the PiC-CypD interaction, whereas MPTblocking compounds reduced it. Most importantly, agents that were able to inhibit mitochondrial P i transport activity also blocked MPT in isolated mitochondria. Together, these data suggest that the PiC may indeed be a component of the MPT pore. Consistent with this, using a non-biased screen for death-inducing proteins, Alcalá and colleagues reported that overexpression of the PiC induced apoptosis in non-cardiac cells [1] . Obviously the question still remains as to whether the PiC is in fact the pore-forming channel of the MPT pore or whether it represents yet another regulatory protein such as CypD or ANT. Moreover, the agents used to block PiC activity can affect other mitochondrial transporters thus raising the spectre of specificity. Genetic analyses using RNAi or gene-targeting technologies to deplete the PiC are clearly needed before a role for PiC in MPT can be conclusively established.
Pro-apoptotic Bcl-2 proteins
Pro-apoptotic proteins such as Bax or Bak do not appear to constitute the MPT pore per se [19, 72] . However, a considerable area of controversy that deserves to be addressed here is whether such proteins can bind to and regulate the MPT pore. This in of itself is part of the bigger controversy surrounding the mechanisms by which pro-death Bcl-2 proteins induce outer mitochondrial membrane permeabilization and the release of apoptogenic factors. There are currently three main models (Fig. 2): (1) pro-death Bcl-2 members simply form their own protein-permeant pore; (2) pro-death Bcl-2 proteins interact with VDAC to form a protein-permeant channel that specifically permeabilizes the outer membrane; and (3) pro-death Bcl-2 proteins bind to and evoke opening of the MPT pore [26, 42, 64] .
There is a substantial amount of data demonstrating that hetero-or homo-oligermization of Bax and/or Bak with other pro-death proteins is sufficient to form a channel in the outer membrane that is large enough to allow protein efflux [3, 39, 49] . Moreover, despite pro-death proteins being reported to interact with VDAC to form cytochrome c release channels [65, 66] , other groups have failed to recapitulate these studies [59, 60] , and we have demonstrated that pro-death Bcl-2 proteins can still induce cytochrome c release and apoptosis in mitochondria and cells devoid of VDAC [6] .
Up to this point things seem fairly clear-cut. Unfortunately, it starts to get messy when we look at the role of the MPT pore in this process. Kroemer's group has published several studies indicating that pro-death Bcl-2 proteins can directly interact with ANT to elicit MPT and cytochrome c release [10, 47] , and others have shown that Bax-induced cell death can be blocked by cyclosporine-A [56, 57] . However, others have shown that Bax-induced cytochrome c efflux can occur independent of any changes in inner membrane permeability and is cyclosporine-insensitive [23, 36, 68] . Such discrepancies maybe dose-related, such that MPT only occurs at high concentrations of the toxic proteins. Perhaps more telling is that in the CypD-null mitochondria, which are more resistant to MPT, Bax and Bid proteins were still able to elicit cytochrome c release to the same extent as normal mitochondria and CypD-null cells were just as sensitive to apoptotic stimuli as wild type cells [5, 52, 63] . These findings suggest that the MPT pore is not essential for the action of cytotoxic Bcl-2 proteins. However, these data do not rule out the possibility that proteins such as Bax and Bak can open the MPT pore through a CypD-independent mechanism, and, unfortunately, a more definitive answer to this question will not be forthcoming until we identify the other components of the MPT pore.
Where do we go from here?
Undoubtedly, the MPT pore is one of the most promising clinical targets for the treatment of myocardial infarction and other cardiac diseases. Indeed, the clinical cyclosporine-A study by Ovize's group [58] , suggests that we are tantalizingly close to being able to move from the bench into the clinic. However, this will remain a pipe dream until we solve the jigsaw puzzle that is the protein makeup of the pore. By using what we do know to fish for what we do not, we will hopefully be able to find new pieces of the puzzle and fit them together. As in Halestrap's PiC study, the use of known components of the MPT pore (e.g., CypD) as ''bait'' coupled with the increased efficiency and availability of proteomic technologies should help accelerate the process. Similarly, genetic screens in yeast and Drosophila can add another powerful dimension to the search. Alternatively, protein or drug library screens may yield candidates in a more unbiased manner. Together, these technologies should provide us with novel contenders that can then be tested from the molecular and biochemical levels all the way through to whole animals for their role in MPT and cardiomyocyte death. Fig. 2 The three main models for how pro-death Bcl-2 proteins induce apoptogen release from mitochondria: (1) pro-death members simply form their own protein-permeant pore; (2) pro-death Bcl-2 proteins interact with VDAC to form a protein-permeant channel that specifically permeabilizes the outer membrane; or (3) pro-death Bcl-2 proteins bind to and evoke opening of the MPT pore. Although there is considerable evidence supporting and refuting, respectively, the first two models, the role of the MPT pore in this process remains controversial Transgenic expression of Bcl-2 modulates energy metabolism,
